. Un-irradiated chitosan (UN) 40 mg L À1 and de-ionized water were used as control. IC significantly affected almost all the parameters including seed yield, trigonelline content and trigonelline yield. There were 10 treatments and among all, J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 4 4 6 e4 Nicotinamide and nicotinic acid, the products of pyridine nucleotide cycle (PNC) give rise to trigonelline. During germination the accumulated trigonelline in seeds is converted back to nicotinic acid and is also used for synthesis of NAD (Shimizu & Mazzafera, 2000) . Recently, it has been documented that the gamma irradiation led to the degradation of polysaccharides by the cleavage of the glycosidic bonds between sugars Kim, Jo, Park, & Byun, 2008) . When these oligomers are applied to plants in the form of hydroponics method or by foliar sprays, they elicit various kinds of physiological activities, including plant growth in general Ali et al., 2014; Hien et al., 2000; Naeem et al., 2012 Naeem et al., , 2014 Sarfaraz et al., 2011) , seed germination (Hien et al., 2000) , shoot elongation (Hien et al., 2000) , root growth (Iwasaki & Matsubara, 2000) , flower production, antimicrobial activity, amelioration of heavy metal stress, phytoalexin induction, etc. (Darvill et al., 1992; Hu, Jiang, Hwang, Liu, & Guan, 2004; Kume, Nagasawa, & Yoshii, 2002; Luan et al., 2003) .
Introduction
Diabetes mellitus (DM) is one of the top 5 significant diseases of the developed nations. About 171 million diabetic patients are present in the world and the number is likely to increase to 340 million by the year 2030 (Wild, Roglic, Gree, Sicree, & King, 2004; Yajnik, 2001 ). According to International Diabetes Federation (IDF) India has about 62 million diabetics and is second to china which is home to 92.3 million diabetics. By 2030 the number of diabetics in India will cross the 100 million mark. Therefore efforts are being made to look for the antidiabetic drugs which are safe and having no side effects. Fenugreek (Trigonella foenum-graecum L.) is one of the several medicinal plants that exhibit hypoglycaemic activity. It is recommended for diabetic patients to be taken as vegetable. Fenugreek belongs to the family Leguminosae and its seeds contain important constituents like 4-hydroxyisoleucine (4-HI), trigonelline, galactomannan flavonoids, carotenoids, coumarins, proteins, saponins, and lipids (Basch, Ulbricht, Kuo, Szapary, & Smith, 2003) . Fenugreek seeds act as dietary supplement and significantly reduces the symptoms of DM such as polydipsia, polyuria, urine sugar, renal hypertrophy and glomerular filtration rate (Ulbricht et al., 2007) . Trigonelline ( Fig. 1 ) controls diabetes through operation of the mechanism of insulin secretion, modulation of b cell regeneration and stimulation of activity of glucose metabolism related enzymes (Hamza et al., 2012; Zhou, Chan, & Zhou, 2012) . Trigonelline (N-methylnicotinic acid) is derived from nicotinic acid and the reaction is catalyzed by S-adenosyl-L-methionine (SAM)-dependent nicotinate enzyme N-methyltransferase. Nicotinamide and nicotinic acid, the products of pyridine nucleotide cycle (PNC) give rise to trigonelline. During germination the accumulated trigonelline in seeds is converted back to nicotinic acid and is also used for synthesis of NAD (Shimizu & Mazzafera, 2000) .
Recently, it has been documented that the gamma irradiation led to the degradation of polysaccharides by the cleavage of the glycosidic bonds between sugars Kim, Jo, Park, & Byun, 2008) . When these oligomers are applied to plants in the form of hydroponics method or by foliar sprays, they elicit various kinds of physiological activities, including plant growth in general Ali et al., 2014; Hien et al., 2000; Naeem et al., 2012 Naeem et al., , 2014 Sarfaraz et al., 2011) , seed germination (Hien et al., 2000) , shoot elongation (Hien et al., 2000) , root growth (Iwasaki & Matsubara, 2000) , flower production, antimicrobial activity, amelioration of heavy metal stress, phytoalexin induction, etc. (Darvill et al., 1992; Hu, Jiang, Hwang, Liu, & Guan, 2004; Kume, Nagasawa, & Yoshii, 2002; Luan et al., 2003) .
Chitosan ( Fig. 2) is one of the natural polysaccharides consisting of randomly distributed b-(1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) and is extracted from crustaceous shells, exoskeletons of insects and shrimps and cell walls of fungi (Shahidi, Arachchi, & Jeon, 1999) . Chitosan is degraded by gamma irradiation into lower molecular weight units which are water soluble and have special biological, chemical and physical properties; different from that of the ordinary chitosan. Foliar application of gamma-irradiated chitosan (IC) shows biological activities such as antibacterial activity (Zheng & Zhu, 2003) , antifungal activity (Jeon, Park, & Kim, 2001 ) and antitumour activity (Qin, Du, Xiao, Li, & Gao, 2002) . Application of IC positively affects the plant growth. Irradiated chitosan (chitosan oligomers) has been demonstrated to induce various biological activities in plants (Chmielewski, Migdal, Swietoslawski, Jakubaszek, & Tarnowski, 2007; Hossain, Hoque, Khan, Islam, & Naher, 2013; Nge, New, Chandrkrachang, & Stevens, 2006) . IC promoted growth in Eucalyptus citriodora Hook (Ali, 2014) , barley and soybean (Luan et al., 2006) . Chitosan when irradiated at a dose rate of 70e150 kGy strongly affected the growth of rice and wheat plants and reduces the damage caused by vanadium (Tham et al., 2001) . Chitosan oligomers applied at a concentration of 15 mg L À1 stimulate orchid plant growth (Nge et al., 2006) .
The plants supplied with chitosan had better developed roots and shoots in the field of agriculture (Chmielewski et al., 2007) . It stimulates the plant growth and improves disease and insect resistance of plants (Doares, Syrovets, Weiler, & Ryan, 1995) . Both chitin and chitosan are known to induce defence responses in plants, which include lignification (Barber, Bertram, & Ride, 1989) , ion flux variations, cytoplasmic acidification, membrane depolarization, protein phosphorylation (Felix, Baureithel, & Boller, 1998; Kikuyama, Kuchitsu, & Shibuya, 1997; Kuchitsu, Yazaki, Sakano, & Shibuya, 1997) , and activation of chitinase and glucanase enzymes (Kaku, Shibuya, Xu, Aryan, & Fincher, 1997; Roby, Gadelle, & Toppan, 1987) ; it also induces phytoalexin biosynthesis (Yamada, Shibuya, Kodama, & Akatsuka, 1993) , generation of reactive oxygen species (Kuchitsu, Kosaka, Shige, & Shibuya, Fig. 1 e Structure of trigonelline (C 7 H 7 NO 2 ). Fig. 2 e Structure of chitosan.
J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 4 4 6 e4 5 8 1995), biosynthesis of jasmonic acid (Nojiri et al., 1996) , and the expression of unique early responsive and defence-related genes (Minami et al., 1996; Takai et al., 2001) . Besides, chitosan and its derivatives have been widely used in medicine, biotechnological applications and in wastewater treatment (Kumar, 2001) . Chitosan has also been used as a coating material for seed, leaf, fruits and vegetables (Devlieghere, Vermeulen, & Debevere, 2004) and as plant protection tool against the microorganisms/pathogens. Phosphorus (P) is one of the essential macronutrients for plant growth and development, constituting about 0.2% of plant dry weight (Harrison, Dewbre, & Liu, 2002) . Phosphorus is an important constituent of bio-molecules like nucleic acids, phospholipids and ATP. Usually the soils are phosphorus deficient because of fixation problems, which makes it less available to the plants. To overcome the P deficiency, different kinds of phosphate fertilizers are applied to the soil mainly in the case of legumes, which carry inbuilt potential of phosphorus utilization compared to other crops (Gentili, Wall, & Huss-Danell, 2006; Rotaru & Sinclair, 2009) .
To the best of our knowledge, only a few researchers have investigated the effects of foliar applied chitosan on secondary metabolite production (Al-Tawaha, Seguin, Smith, & Beaulieu, 2005; Khan, Prithiviraj, & Smith, 2003) , and none has focused on trigonelline production. As per the present study, the foliar spray application of irradiated chitosan applied alone and/or in combination with phosphorus supplement increased significantly the growth, crop yield and trigonelline production in T. foenum-graecum.
2.
Material and methods
Plant material and growth conditions
Seeds of T. foenum-graecum L. were sown in earthen pots and before sowing they were surface sterilized with 80% ethanol for 5 min and then washed thoroughly with double distilled. Each earthen pot carried 5 kg homogeneous mixture of soil and farmyard manure (4:1). ) were used as control spray treatments.
2.3.
Scanning electron microscopy (SEM) analysis
The morphological structure of the chitosan samples was examined with scanning electron microscopy (Philips XL 30 ESEM, Jeol, Japan). The samples were coated with gold prior to analysis. Scanning electron microscopy and elemental analysis was performed for un-irradiated as well as irradiated materials ( Fig. 3A and B) at Ultra Sophisticated Instrumentation Facility (USIF) centre of Aligarh Muslim University, Aligarh, India.
Experimental plan
The pot culture experiment was conducted in net house at ] were employed as foliar spray treatments. Two P levels, viz. 0 (P 0 ) and 40 kg P ha À1 (P 40 ), were used in the form of KH 2 PO 4 . Four concentrations of IC and two levels of P totally constituted 10 treatments
]. After sowing of seeds, about 90% of the seeds germinated within 5e6 days and after a month of germination only five plants per pot were maintained. Five replicates were taken of each treatment. Plants were sprayed 4 times at an interval of 7 days using hand sprayer. The first foliar spray treatment was applied at 30 days after sowing (DAS). The pots were weeded and watered as and when required.
Determination of growth and yield attributes
Growth attributes of the T. foenum-graecum L. were determined at 60 and 90 DAS. At each stage of sampling, five plants from each treatment (one plant from each replicate) were carefully uprooted and washed with running tap water to remove the adhering foreign particles. Blotting paper was used to remove the water adhering to the roots. Electronic balance was used to record the fresh weight of the clean and blot-dried plants. Dry mass of plants were recorded when the plants were ovendried at 80 C for 24 h. Meter scale was used to measure the length of shoot and root. Leaf area per plant was measured by the graph paper method and the number of leaves was counted. The plants were harvested above ground to note the different yield parameters viz. seed yield and total biomass per plant, number of pods per plant, number of seeds per plant, number of seeds per pod and pod length, harvest index and 1000-seed weight. The harvest index was calculated as (seed yield/total biomass) Â 100.
Determination of biochemical parameters

Total chlorophyll and carotenoids contents
Total chlorophyll and carotenoids content was estimated according to the protocol of Mac Kinney (1941) and MacLachlan and Zalik (1963) , respectively. Fresh leaf tissue was grinded with mortar-pestle in 80% acetone. The optical density (OD) of the solution was recorded at 645 and 663 nm for chlorophyll estimation and at 480 and 510 nm for carotenoids estimation employing the spectrophotometer (Spectronic UV-1700, Shimadzu, Japan).
Determination of nitrate reductase (NR) activity
The method of Jaworski (1971) , was employed for the determination of nitrate reductase activity which is based on the reduction of nitrate to nitrite according to the following biochemical reaction:
The amount of nitrite (NO 2 À ) formed was determined spectrophotometrically. Two hundred milligrams of fresh chopped leaves, was transferred to each of the plastic vials and incubated for 2 h at 30 C. From this 0.4 mL of the content was transferred to a test tube and 0.3 mL each of 1% sulphanilamide and 0.02% N-(1-Naphthyl) ethylenediamine dihydrochloride (NED-HCL) was added. For noticeable colour development the test tubes were kept for 20 min at room temperature. The OD of the content was recorded at 540 nm using the spectrophotometer. The NR activity was expressed as nano moles of nitrite produced per gram fresh weight of the leaf tissue per hour (nM NO 2
).
Determination of carbonic anhydrase (CA) activity
Carbonic anhydrase activity was analyzed in fresh leaves using the method as described by Dwivedi and Randhawa (1974) . 0.2 g of fresh leaf was cut into small pieces and incubated with 10 mL of 0.2 M cystein hydrochloride solution at 4 C for 20 min and it was followed by the addition of 4 mL of 0.2 M NaHCO 3 À and 0.2 mL of 0.02% bromothymol blue to the homogenate. The reaction mixture was titrated against 0.05 N HCl using methyl red as indicator. CA activity was expressed as moles of CO 2 produced per kg of fresh leaf tissue per second (mM CO 2 kg À1 leaf FW s
À1
Estimation of N, P and K contents in the leaves
To estimate the content of leaf-N, -P and -K, samples of leaves were digested on a digestion assembly. First the leaf samples were dried on a hot-air oven maintained at 80 C for 24 h. Dried leaf samples were powdered using mortar-pestle, followed by passing the powder through a mesh. Hundred milligram of oven-dried leaf powder was transferred to a digestion tube followed by the addition of 2 mL of concentrated sulphuric acid (Analytical grade). The content was heated for about 2 h on a temperature-controlled digestion assembly maintained at 80 C; after that it was cooled at room temperature for about 15 min. 0.5 mL of 30% hydrogen peroxide (H 2 O 2 ) was added drop by drop to the cooled content. The addition of H 2 O 2 was followed by gentle heating of the content and then cooling at room temperature. This step was repeated until the content of the tube turned colourless. The aliquot (peroxide-digested leaf tissue), thus prepared, was used to estimate the percent N, P and K contents in the leaves on dry weight basis.
2.6.4.1. Determination of leaf-N content. Nitrogen content in the leaves was quantified according to method of Lindner (1944) with slight modification by Novozamsky, Houba, van-Eck, and van-Vark (1983) . In a 50 mL volumetric flask, 10 mL aliquot (peroxide digested leaf material) was moved which was followed by the addition of 2 mL of 2.5 N NaOH solution and also 1 mL of 10% Na 2 O 3 Si solution was added to prevent turbidity, respectively. A 5 mL aliquot of this content was taken in a 10 mL graduated test tube, and then 0.5 mL of Nessler's reagent was added. The OD (optical density) of the solution, thus obtained, was recorded at 525 nm using the spectrophotometer.
2.6.4.2. Determination of leaf-P content. The method of Fiske and Subba Row (1925) , with slight modification by Rorison, Spencer, and Gupta (1993) , was used to estimate the leaf-P content. In a 10 mL graduated test tube 5 mL aliquot of the peroxide-digested leaf material was taken and followed by the addition of 1 mL of molybdic acid (2.5%) and 0.4 mL of 1-amino-2-naphthol-4-sulphonic acid. Using double distilled water its volume was made up to 10 ML when the colour of the content turned blue. The OD of the solution, thus obtained, was recorded at 620 nm using the spectrophotometer.
2.6.4.3. Determination of leaf-K content. Flame-photometer (Model, C150, AIMIL, India) was used to estimate the Leaf-K content. In the flame-photometer, the solution (peroxidedigested leaf tissue) was discharged through an atomizer in the form of a fine mist into a chamber, where it was drawn into a flame. Combustion of the solution elements produced the light of a particular wavelength [k max for K ¼ 767 nm (violet)]. The light, thus produced, was passed through an appropriate filter to impinge upon a photoelectric cell that subsequently activated a galvanometer (electric current detector).
Seed alkaloid content
For the estimation of seed alkaloids content 1 g of seed powder was grinded in 80% methanol and a pinch of magnesium oxide (MgO), using mortar-pestle. The samples were incubated for about 30 min at 60 C and the homogenate was centrifuged and the supernatant was collected. The methanol was evaporated completely and the residue was dried. Thereafter, the weight of the beaker containing the residue and that of the empty beaker was recorded. Total seed alkaloid content (%) was calculated using following formula:
Where,
Extraction and estimation of trigonelline by High Performance Liquid Chromatography (HPLC)
To extract the seed trigonelline of T. foenum-graecum L. the method of Zheng and Ashihara (2004) was adopted with a slight modification. 1 g of seed powder was grinded in 80% methanol and a pinch of magnesium oxide (MgO), using mortar-pestle. The samples were incubated for about 30 min at 60 C and the homogenate was centrifuged and the supernatant was collected. Methanol was evaporated and the extract was dissolved in distilled water. The contents were filtered with disposable syringe filter unit and stored thereafter in sealed vials for the determination of trigonelline by HPLC. Seed trigonelline content was determined by isocratic HPLC equipment (Model, LC-20AD, Shimadzu Corporation Analytical & Measuring Instrument Division, KYOTO, JAPAN) with reverse phase C-18 (5 mm, 150 mm, 4.6 mm I.D.) column. Mobile phase consisted of methanol and water in the ratio of 50:50 (v/v) and the pH was adjusted to 5 using acetic acid. The elution was made in an isocratic mode at the flow rate of 1 mL min À1 and the detection was made at 268 nm by UVeVIS detector. Calibration curve was constructed by using graded concentrations (0, 50, 100, 150 and 200 mg L
À1
) of standard trigonelline (Sigma Aldrich, USA), with the help of HPLC equipment.
2.9.
Statistical data analysis
The data were analyzed statistically using SPSS-17 statistical software (SPSS Inc., Chicago, IL, USA) according to randomized block design. Means were compared applying the Fisher's Least Significant Difference (LSD) test at p < 0.05 and Duncan Test ± SE (p < 0.05).
Results
There are only few reports regarding the effect of irradiated chitosan (IC) on agricultural performance of plants. Till date no work has been carried out to study the effect of IC on fenugreek which carries anti-diabetic bioactive constituents. The work might be considered as the first report of its kind, revealing the effect of IC on growth, physiological attributes, yield and active constituents of fenugreek. Scanning electron microscopy (SEM) shows the formation of lower size particles ( Fig. 3A and B ) resulted in the lowest values, which were statistically equal to the water-spray control values regarding most of the parameters studied (Tables 1 and 2, Figs. 4e6 ).
Soil applied phosphorus with different levels of irradiated chitosan significantly influenced all the growth parameters. The effect of IC 40 þ P 40 was significant on shoot and root length per plant. In comparison to the control, IC 40 þ P 40 increased the shoot length by 32.0 and 36.9% and root length by 25.0 and 28.0%, at 60 and 90 DAS, respectively (Table 1 ). An increase in fresh mass of shoot and root was observed when IC was applied with phosphorus. IC 40 þ P 40 improved fresh mass of shoot per plant by 36.8 and 40.0%, and that of root fresh mass by 35.0 and 38.8% (Table 1) . Application of foliar IC with soil-applied phosphorus on shoot and root dry mass per plant was found effective over the control at both stages of sampling. IC 40 þ P 40 enhanced shoot dry mass per plant by 28.9 and 35.7%, and that of root dry mass by 28.9 and 38.9% at 60 and 90 DAS, respectively (Table 1) . Leaf area and leaf number were also significantly enhanced by IC 40 þ P 40 . Leaf number was increased by 27.39 and 32.9% while as leaf-area by 27.3 and 32.9%, at 60 and 90 DAS, respectively (Table 1) .
3.1.
Physiological and biochemical characteristics
Photosynthetic pigments
Depolymerized form of chitosan significantly enhanced the total chlorophyll and carotenoids content in the treated plants. Of all the IC concentrations applied alone 80 mg L À1 , proved to be the best when applied alone. However, IC (40 mg L
À1
) applied with phosphorus (40 kg ha À1 ) proved to be the best treatment combination. Application of IC 40 þ P 40 increased the total chlorophyll content by 20.5 and 23.9% and carotenoids content by 14.7 and 22.5% at 60 and 90 DAS, respectively, in comparison to the control (Fig. 5) .
Biochemical parameters
Among combination treatments of IC and phosphorus, IC 40 þ P 40 proved best and significantly increased the nitrate reductase activity by 21.9 and 25.0% at 60 and 90 DAS, respectively (Fig. 4) . The effect of phosphorus application with . J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 4 4 6 e4 5 8 451 different levels of IC was found significant on carbonic anhydrase activity. Treatment IC 40 þ P 40 enhanced carbonic anhydrase activity by 21.93% and 25% as compared to control at 60 and 90 DAS, respectively (Fig. 4) . Foliar application of IC in combination with soil applied phosphorus significantly enhanced the leaf-N, -P and -K contents. IC 40 þ P 40 significantly enhanced leaf nitrogen content by 14.9 and 18.9% at 60 and 90 DAS, respectively. This was followed by IC 80 þ P 40 at both growth stages (Fig. 6) . IC 40 þ P 40 significantly improved the content of leaf phosphorus by 15 and 16% at 60 and 90 DAS, respectively (Fig. 5) . Leaf potassium was also significantly influenced by the IC 40 þ P 40 . This treatment increased the leaf potassium content by 12.0 and 17.4% at 60 and 90 DAS, respectively over the control (Fig. 6) .
3.2.
Yield attributes 
Discussion
Growth attributes
Plant growth and development is known to be governed by several exogenous and endogenous factors, including the growth regulators (Taiz, Zeiger, Moller, & Murphy, 2014) . In the present investigation, the application of foliar spray of IC, along with soil-applied phosphorus, enhanced the leaf-area, which obviously provide increased opportunity for light harvesting leading to the accumulation of enhanced plant dry matter, compared to the control (Table 1) . The results obtained in the present study indicated significant improvement in plant growth attributes due to application of radiation-derived oligosaccharides of chitosan. Irradiated chitosan positively affected the growth of wheat and rice plant and also reduced the damages caused by vanadium (Tham et al., 2001) . Further, chitosan oligomers of lower molecular weight (1 kDa) promoted growth in rape plants (Chmielewski et al., 2007) and orchid plants (Nge et al., 2006) . El-Tantawy (2009), reported enhancement in growth and development in tomato by the application of chitosan. According to Darvill et al. (1992) plants have the ability to recognize these oligomers or oligosaccharides which in turn regulates growth, development and defence responses in plants. Since chitosan contains nitrogen (C 11 H 17 O 7 N 2 ) and when it gets dissolved, it gets penetrated gradually and remains in the soil for a longer period of time and its effect lasts for long (Becker, Schlaak, & Strasdeit, 2000) . However for Table 2 
inducing different biological effects in plants there must be a specific structural and size requirement of a particular oligosaccharide (Shibuya & Minami, 2001) . The mechanism by which these oligomers (obtained through gamma radiation) promote plant growth and development is still at its infancy. Our results confirm the significant improvement in growth attributes of fenugreek by the application of radiation-derived oligomers of chitosan (Tables 1 and 2 ). Besides, the irradiation of chitosan by gamma rays might affect the overall polymer cross-linking process that might influence the biological properties of the plant cells (El-Rehim, 2006) . Similar results have been noticed for irradiated sodium alginate (another marine polysaccharide) by many authors in different plants like Foeniculum vulgare Mill. (Sarfaraz et al., 2011) , Artemisia annua L. , Papaver somniferum L. , E. citriodora Hook (Ali et al., 2014) .
Photosynthetic pigments
Irradiated chitosan significantly enhanced the chlorophyll and carotenoids content of Fenugreek. Our results are consistent with the studies of Khan, Prithiviraj, and Smith (2002) who reported that application of chitosan increased photosynthetic rate (P N ) in leaves of maize (Zea mays) and soybean (Glycine max). El-Tantawy (2009) also reported an increase in the content of photosynthetic pigments by the application of chitosan. Phosphorus is an integral part of sugar-phosphates, phospholipids of membranes and intermediates of respiration and photosynthesis. Supplementation of phosphorus in the soil might accordingly enhance chlorophyll content. Enhancement in the contents of chlorophyll and carotenoids by the P application have been reported by in Senna occidentalis, in Cassia tora, Naeem, Khan, and Mohammad (2009) in Cassia sophera, Naeem, Khan, Moinuddin, Idrees, and Aftab (2010) in Lablab purpureus.
Nitrate reductase and carbonic anhydrase activity
In nitrogen assimilation nitrate reductase (NR) is known to be a limiting enzyme and its level depends on variety of factors either exogenous or endogenous factors. Its activity in plants provides a good estimate of the nitrogen status and metabolism of the plant and is very often correlated with plant growth and yield. Endogenous phyto-hormones or the ones added from outside constitutes one of the major regulatory factors which determine the activity of NR enzyme. The probable reason of IC mediated enhancement in the activity of nitrate reductase in this study might be due to the IC- improved leaf nitrogen content that might have increased the concentration of nitrate in the leaves to be acted upon by this enzyme (Fig. 4) . In fact, there was observed significant increase in NR activity in triticale leaves due to N and P mediated increase in the leaf-content of different nutrients under field conditions (Samiullah, Ansari, & Afridi, 1998) . In this investigation, the activity of NR was increased by phosphorus application together with IC 40 mg L
À1
. Our results find support from the studies on maize (De Magalhaes et al., 1998) and beans (Gniazdowaska, Krawczak, Mikulska, & Rychter, 1999) , which confirm enhanced assimilation of leaf-NO 3 À content due to P application. Besides, enhancement in leaf-NR activity with phosphorus application has also been reported by several workers in different medicinal and aromatic plants such as C. tora (Naeem & Khan, 2005) , Cyamopsis tetragonoloba L. (Burman, Garg, & Kathju, 2007) , S. occidentalis L. ), C. tora L. ) and C. sophera L. (Naeem, Khan, & Mohammad, 2009) , in conformity with our results. Carbonic anhydrase (CA) a zinc containing protein in plants has an active role in photosynthesis, which is evident by its presence in all photosynthesizing tissues (Taiz et al., 2014) . It catalyzes the reversible hydration of CO 2 to carbonic acid, thereby increasing the accessibility of CO 2 to RuBisCO in photosynthesis (Badger & Price, 1994) . The enzyme CA controls diverse physiological processes such as carboxylation/ decarboxylation reactions, ion exchange, acidebase balance and diffusion of inorganic carbon within the cell as well as with the cell environment (Georgios et al., 2004) . In this study, the activity of CA was enhanced compared to control because of phosphorus application, in combination with IC 40 mg L
. In the present study, IC-sprayed leaves exhibited greater activity of CA as compared to the control at 60 and 90 DAS, respectively. Such a plant response to IC application might be expected because the depolymerized natural polysaccharides were earlier been reported to increase the stomatal conductance significantly , which might facilitate the diffusion of additional amounts of CO 2 through the stomata to be acted upon by CA, resulting in the enhanced CA activity. Increase in the rate of CO 2 fixation (not measured in this study) in the plants treated with irradiated chitosan might be responsible for the increment in the carbonic anhydrase activity which in turn ultimately resulted in enhancement of fresh and dry mass of treated plants. As for irradiated chitosan mediated enhancement in CA activity, our findings are similar to those that claim the synthesis of certain enzymes in the tissue culture studies as a result of application of irradiated natural polysaccharides (Akimoto, Aoyagi, & Tanaka, 1999) .
4.4.
Leaf-N, -P and -K contents Nutrient absorption, utilization and transport of photosynthates in plants are facilitated by the increased membrane permeability (Crozier & Turnbull, 1984) . The increase in leafcontent of N, P and K accordingly resulted in the enhancement in biomass of plants as reflected by the increase in fresh and dry weights of plants in the present investigation (Table  1) . There was significant increase in leaf-N, -P and -K contents of fenugreek by the application of soil-applied P in combination with foliage-applied IC (IC 40 þ P 40 ) possibly due to the uptake of more amounts of nutrients from the soil encouraged by phosphorus (Graciano, Goya, Frangi, & Guiamet, 2006) . The increase in the concentration of other nutrients with phosphorus can be attributed to the beneficial effects of the phosphorus on overall growth of the plant owing to the balanced plant nutrition that accordingly resulted in better crop growth and yield (Tables 1 and 2 ). Enhancement in leaf-N, -P and -K content by phosphorus application has been recorded with regard to different medicinal crops (Khan, Samiullah, Afaq, & Afridi, 2000; Naeem & Khan, 2005 , 2009 Naeem, Khan, & Mohammad, 2009) . By applying P fertilizer to the soil, the plants could have received adequate supply of nutrients on the one hand; and, on the other hand, the foliar spray of IC 40 mg L À1 might have promoted the vegetative growth of plants. Thus, the application of IC 40 þ P 40 might have led to the improved growth leaf-N, -P and -K contents and superior growth attributes in the present study.
Yield attributes
The yield attributes were significantly enhanced by the phosphorus application because it plays an important role in shoot and root development, energy translocation and other metabolic processes of plants (Marschner, 2002) . The sufficient availability of phosphorus in early plant growth causes rapid cell elongation and cell division in the meristematic regions, leading to increased seed-yield and enhanced development of seeds (Spencer & Chan, 1991; Turk, Tawaha, & Samara, 2003) . The application of IC 40 þ P 40 increased the trigonelline content and its yield significantly in comparison to the control. Among different treatments, combination treatment IC 40 þ P 40 results in the maximum increase in the content and yield of trigonelline, enhancing them by 17.84 and 174.00%, respectively. There are reports that the foliar application of chitosan increased artemisinin concentration and its biosynthesis in A. annua by up-regulating the genes of artemisinin biosynthesis (Lei et al., 2011) .
Conclusion
Conclusively, the results presented in this study demonstrated that (1) The results presented in this study demonstrate that the foliar application of irradiated chitosan in combination with phosphorus significantly improved the biomass, physiological attributes and trigonelline yield of T. foenum-graecum and (2) the most effective combined treatment was IC 40 þ P 40 mg L
À1
. This work might help to find out the optimum concentration of IC (and that of other irradiated natural polysaccharides) together with that of phosphorus for different medicinal and aromatic plants in order to enhance the productivity (3) the foliar application of irradiated chitosan for improving the yield of trigonelline is of great practical value and can reduce the costs associated with the trigonelline production.
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